Odds ratios and their 95% confidence intervals (95% CI) were cal- open-access paper. doi:10.3324/haematol.2013 Recent studies suggest that leukocytes and erythrocytes play a role in coagulation. However, whether leukocytes, erythrocytes and other hematologic variables are associated with risk of venous thrombosis is not well known. To study this, we used data from 2473 patients with venous thrombosis and 2935 controls. The variables assessed were: total leukocytes, granulocytes, lymphocytes, monocytes, hematocrit, hemoglobin, erythrocytes and red cell indices (mean corpuscular volume, mean corpuscular hemoglobin, mean corpuscular hemoglobin concentration and red cell distribution width). We found a strong dose-response relation for higher red cell distribution width and monocyte count with risk of venous thrombosis, with odds ratios of 3.1 (95% confidence interval, 2.0-4.8) and 2.8 (95% confidence interval, 1.3-5.8), respectively, after adjustment for age, sex, C-reactive protein level, malignancy and co-morbidities. Monocyte count and red cell distribution width were associated with venous thrombosis even within reference ranges. A low monocyte count (<0.12x10 9 /L) was associated with a lower risk of venous thrombosis after full adjustment (odds ratios 0.6; 95% confidence interval, 0.4-0.8). In summary, high red cell distribution width and blood monocyte count, two parameters that are inexpensive and easily obtainable, were clearly associated with an increased risk of venous thrombosis. Future studies should evaluate the underlying mechanism and the use of these variables in prediction models for first and recurrent thrombosis. 
Introduction
Venous thrombosis is one of the leading causes of mortality. Its clinical presentation, pulmonary embolism and deep vein thrombosis, occurs in approximately 1-2 per 1000 persons per year. 1 Although major progress has been made towards a better understanding of venous thrombosis, in 30%-50% of the cases it remains idiopathic. 2 In the last decades, interest has focused on identifying new risk factors and building predictive models for venous thrombosis. For this, easily accessible and inexpensive variables should be targeted.
Recent studies have suggested that leukocytes and erythrocytes play a role in the process of coagulation [3] [4] [5] [6] [7] [8] [9] [10] and their presence is clearly observed in the anatomy of a venous clot, which consists of a laminar structure of erythrocytes and fibrin, permeated by large numbers of leukocytes. 11 A recent study, using a mouse model of flow restriction-induced deep vein thrombosis without endothelium damage, showed that blood monocytes and neutrophils provide an initiating stimulus for development of deep vein thrombosis. 7 Some studies have shown that leukocytosis is a predictor of venous thrombosis during the follow-up of patients with polycythemia vera and essential thrombocytemia. 12, 13 However, the effect of peripheral leukocytes on the risk of venous thrombosis in patients without such diseases has, to our knowledge, not been investigated. Furthermore, investigation of the role of erythrocytes and other blood cell variables in venous thrombosis is also scarce.
14, 15 We, therefore, investigated whether peripheral leukocytes, erythrocytes and other hematologic variables (hematocrit, hemoglobin and red cell indices) are associated with the risk of venous thrombosis. For this, we used data from the MEGA study, a large population-based case-control study into risk factors for venous thrombosis in the Netherlands.
Methods
Complete and detailed methods are provided in the Online Supplement. In brief, the MEGA study is a large population-based casecontrol study. 16, 17 Patients with a first venous thrombosis were between 18-70 years old. Control subjects were either patients' partners or controls, identified by random digit dialing. All participants filled in a questionnaire that contained questions on recent thrombotic risk factors.
Blood was collected into trisodium citrate and processed within 4 hours. Except for the red cell distribution width (RDW), mean corpuscular volume (MCV), mean corpuscular hemoglobin (MCH) and mean corpuscular hemoglobin concentration (MCHC) the final counts were multiplied by a factor of 1.1 in order to adjust the values due to the collection into sodium citrate. C-reactive protein (CRP) was measured on stored (at -80°C) and previously unthawed samples.
All participants provided informed consent and the study was approved by the Medical Ethics Committee of the Leiden University Medical Center, Leiden, the Netherlands.
Results

Patients and control subjects
The clinical characteristics of the participants are shown in Online Supplementary Table S1 . In total, there were 5388 participants, of whom 47% were men. The median age at onset of the first episode of venous thrombosis was 50 years (range, . At the time of venipuncture, 288 patients (12%) and 30 controls (1%) were on anticoagulant treatment. As expected, classical venous thrombosis risk factors and malignancy were more commonly present in patients than in controls (Online Supplementary Table S1 ). Current smoking, alcohol consumption and other co-morbidities were also more common in patients than in controls.
White blood cells
In Table 1 , the risk of venous thrombosis is presented for percentiles of total leukocytes, granulocytes, lymphocytes and monocytes. For the leukocytes, only very low levels (below the 1 st percentile) were associated with a risk of venous thrombosis with an odds ratio of 1.9 (95% CI, 1.1-3.3) after adjustment for age, sex, CRP, malignancy and co- morbidities, in comparison with the reference value. For lymphocytes, we observed an association for the lowest level with an odds ratio of 2.4 (95% CI, 1.5-3.8) for below the 1 st percentile and an odds ratio of 1.5 (95% CI, 1.1-2.0) for between the 1 st and 5 th percentiles, after adjustment for age, sex, malignancy and CRP. However, this was attenuated when the analyses were further adjusted for comorbidities, resulting in odds ratios of 1.5 (95% CI, 0.9-2.5) and 1.3 (95% CI, 1.0-1.8), respectively, versus the reference value ( Table 1) .
The only clear association found, which was only marginally affected by any adjustment, was for the monocyte count. There was a graded effect with higher risks at higher counts ('dose-response'), reaching the highest risk at and above the 99 th percentile with an odds ratio of 2.8 (95% CI, 1.3-5.8) after full adjustment, in comparison with the reference category. The association was also present for pulmonary embolism only, deep vein thrombosis with or without pulmonary embolism and unprovoked venous thrombosis. Interestingly, the risk was reduced relative to the reference group for monocyte counts below the 5 th percentile (< 0.12x10 9 /L) after full adjustment with an odds ratio of 0.6 (95% CI, 0.4-0.8). We performed an extra analysis in which we repeated all age-and sex-adjusted analyses after exclusion of all patients and controls with malignancy. This did not alter the results (data not shown).
Red cell indices
Erythrocytes, hematocrit and hemoglobin
The analyses of erythrocytes, hematocrit and hemoglobin were stratified by sex due to higher levels of these variables in men. For hematocrit, the relative risk was higher between the 95 th and 97.5 th percentiles with odds ratio of 2.0 (95% CI, 1.2-3.3) after full adjustment. For erythrocytes, the odds ratios were higher below the 1 st and above the 99 th percentiles, i.e. 2.3 (95% CI, 1.2-4.6) and 3.6 (95% CI 1.6-8.1), respectively, after full adjustment. For hemoglobin, the effect was higher between the 97.5 th and 99 th percentiles with an odds ratio of 1.8 (95% CI, 1.0-3.1) after full adjustment (data not shown).
In women, for hematocrit, the effect was increased at the percentiles below the 1 st and between the 1 st and 5 th , with odds ratios of 2.3 (95% CI 1.2-4.3) and 1.5 (95% CI 1.0-2.2), respectively, after full adjustment. For hemoglobin, there was an increased effect at the lowest percentile (below the 1 st percentile) with an odds ratio of 3.4 (95% CI 1.7-6.7) after full adjustment (data not shown).
Influence of time between the thrombotic event and blood sampling
To quantify the possibility of a post hoc phenomenon in which levels of hematologic variables gradually diminish after the onset of venous thrombosis, boxplots were constructed for hematologic variables within the group of patients at 3-6 months, 6-9 months, 9-12 months and >12 months after venous thrombosis had occurred to see if there were any differences ( Figure 1) . As shown by the figure, hematologic variables were not influenced by time between the thrombotic event and blood sampling. For example, the mean level of the RDW measured between 3-6 months after the event took place was 13.6%, measured between 6-9 months it was 13.2%, between 9-12 months 13.2% and >12 months 13.3% (Figure 1 ).
Discussion
Blood cell count is a widely available, easy to perform and inexpensive test. We aimed to investigate the role of peripheral blood leukocytes, erythrocytes and red cell indices in RDW, monocytes and venous thrombosis haematologica | 2014; 99 (1) 197 the risk of venous thrombosis. In a large case-control study with 2453 patients and 2935 controls, we found a doserelated increased risk of venous thrombosis with higher blood monocyte count and RDW. Automated cell counters can estimate erythrocyte volume cell by cell, sampling millions of erythrocytes in the process. In addition to the calculation of the MCV, they also determine the dispersion of values about this mean. The latter value, also defined as RDW, is the coefficient of variation (expressed as a percent), which is the product of the standard deviation of red blood cell size divided by the MCV. The RDW is a semi-quantitative measure of erythrocyte anisocytosis. There is no condition which regularly yields a RDW less than normal, 18 so, in clinical practice, the RDW is either normal or elevated, with higher values reflecting greater heterogeneity in cell size. RDW is currently mainly used as an auxiliary index in the differential diagnosis of microcytic anemia, in which iron deficiency anemia is associated with a high RDW and thalassemia syndromes with a normal RDW, due to a more homogenous size of erythocytes. An increased RDW is commonly found when there is a nutritional deficiency, such as iron, folate, or vitamin B12 deficiency.
Several studies and a meta-analysis have recently shown that a high RDW is not only associated with hematologic disorders. [19] [20] [21] [22] [23] [24] [25] 30 Even within the normal reference range, it has been shown to be associated with total mortality and cardiovascular disease in middle-aged and older adults without major age-associated disorders. [19] [20] [21] [22] [23] [24] [25] These cardiovascular disorders included heart failure, 19 coronary artery disease, 26 conditions requiring percutaneous coronary intervention 27 and a first acute cerebral infarction. 28 In a study by Poludasu et al., the association was independent of the level of hemoglobin and was present despite the fact that RDW was within the normal range in 88% of the subjects. 27 In a study by Tonelli et al., a higher RDW was a strong and independent predictor of increased long-term mortality in patients undergoing percutaneous coronary intervention who were not anemic at baseline. 26 Kim et al. studied 847 consecutive patients with a first acute cerebral infarction and reported that a higher RDW was independently associated with poor functional outcome and increased risk of allcause mortality. 28 Moreover, an elevated RDW was reported to be associated with an increased risk of all-cause mortality, including death from chronic lower respiratory tract disease and cancer-related death. 21, 23, 29 The study by Patel et al. showed that for every 1% increase in RDW, all-cause mortality risk increased by 22%. 21 The relationship persisted even when analyses were performed in non-anemic subjects or in those with RDW levels within the normal range (11%-15%) without deficiency of iron, folate or vitamin B12. 21 A recently published study has also reported an independent association between high RDW and increased risk of acute pulmonary embolism-related early mortality. 30 In our study, RDW was associated with an increased risk of venous thrombosis, even when the RDW was still within the usual reference range (above 14.1%). This association remained after adjustment for age, sex, CRP, malignancy and co-morbidities (OR 3.1; 95% CI 2.0-4.8 for above the 99 th percentile) and for all subgroup analyses. Further adjustments for anemia did not reduce the odds ratio. To our knowledge, this is the first study to report an association between venous thrombosis and higher RDW.
The physiological mechanisms underlying the association between elevated RDW and increased cardiovascular disease, all-cause mortality and now venous thrombosis are unknown, although oxidative stress, poor pulmonary function and inflammation have been suggested. [31] [32] [33] In the case of venous thrombosis, we hypothesize that a greater heterogeneity in cell size (and maybe lower erythrocyte deformability and higher aggregation) could increase viscosity and impair blood flow, leading to stasis, one of the main risk factors for venous thrombosis. This is supported by a recent study that showed that an increase in erythrocyte aggregation promotes thrombosis in femoral veins in a rabbit model. 9 Furthermore, erythrocytes have been shown to participate in thrombin generation in tissue factor-activated blood 8 and to form adhesive interactions under low flow conditions. 34 We found an association between high MCV (above 101.5 fL) and high MCH (above 2.15 fmol) and venous thrombosis, which did not attenuate after adjustment for age, sex, malignancy, CRP, co-morbidities and anemia. A recent study did not find an association between venous thrombosis and MCV.
14 Although this study included more than 20,000 participants, blood samples were collected many years before the thrombotic event, which is likely to have led to a dilution of the effect of MCV.
Additionally, we found that a higher peripheral blood monocyte count, even within the reference range (i.e., above 0.55x10 9 /L), was associated with venous thrombosis in a dose-response manner. It reached its maximum effect above 0.77x10 9 /L with an odds ratio of 2.8 (95% CI 1.3-5.8) after full adjustment. Interestingly, a low monocyte count (below 0.12x10 9 /L) was associated with a lower risk of venous thrombosis after full adjustment, which was also the case in all subgroup analyses. To our knowledge, this is the first study to report an association between venous thrombosis and peripheral blood monocyte count.
Monocytes are known to express tissue factor and represent about 30% of the leukocytes in a venous thrombus after 48 hours of flow restriction. 7 According to a recent mouse model of deep vein thrombosis, monocytes are the type of leukocyte that predominantly contribute to tissue factor-driven coagulation. 7 Furthermore, monocytes are the most important leukocyte involved in the modulation of venous thrombus resolution. [35] [36] [37] In atherosclerosis, monocytes are the central drivers of vascular inflammation and experimental studies have proven a causative role of monocytes in atherogenesis. 38 A recent study showed that a subset of monocytes, CD14 ++ CD16 + , independently predicted cardiovascular events in participants referred for elective coronary angiography. 39 Some methodological issues in this study need to be addressed. First, our study is a classical case-control study in which blood samples were collected after the thrombotic event. We cannot, therefore, exclude the possibility that alterations of the hematologic variables were the result of the thrombotic event itself. However, blood was collected at least 3 months after discontinuation of oral anticoagulation, and it is unlikely that the event itself caused persistent abnormalities in the hematologic variables. Second, the hematologic variables were measured only once after the thrombotic event; which did not allow an analysis of potential changes of the variables over time. Third, a question that could not be answered by this study is whether the association between high RDW, high monocyte count and venous thrombosis is causal or whether it can be explained by the presence of other diseases or conditions (for example, hemoglobinopathies, use of medication) that could lead to altered blood cell counts and venous thrombosis and for which we were not able to adjust. However, we adjusted the analysis for the most important conditions that can influence these hematologic parameters, such as age, sex, inflammation, malignancy and other co-morbidities. Fourth, because of low numbers due to stratification by sex, we could not determine the role of hematocrit, hemoglobin and erythrocytes on the risk of venous thrombosis in this study. Fifth, there was an overall low prevalence of major illnesses (such as cardiovascular diseases) in MEGA, which is likely due to the age criterion (maximum age 70 years, mean age 50 years). These data were self-reported. However, since these are major diseases with a large impact, we expect that both patients and controls reported their illnesses to a similar extent, thus limiting recall bias. Lastly, as mentioned in the Methods section, blood counts as well as red cell indices were obtained from blood collected into tubes containing citrate, while in routine care these blood parameters are normally obtained in tubes with EDTA. Whether our results apply to routine care should, therefore, be interpreted with caution.
In summary, we have shown that high RDW and blood monocyte counts, two parameters that are inexpensive and easily obtainable, were dose-responsively and independently associated with an increased risk of venous thrombosis. Whether this association is causal or not requires further investigation. Future studies should also target the evaluation of these variables as predictors of a recurrent event, which could assist in future decisions regarding prophylaxis. 
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